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LORAN-C NAVIGATION 
by 1 
Charles W. Dull 


One of the new developments in.aerial sur- 
veys and aerial photography in the USDA Forest 
Sexnvaice has been the utilization of the Loran-C 
radio navigation system. Loran-C is an acronym 
for Long Range Aid to Navigation. This naviga- 
tion system has been especially useful in south- 
ern pine beetle (SPB) aerial and ground surveys 
to determine locations of dead and dying timber. 


Loran-Geecan) be) used (to) inerease, the effi— 
ciency of aerial surveys, decrease the effort by 
ground crews in locating SPB spots that have been 
detected from the air, and ultimately reduce 
survey costs. It aids in navigation and position 
determination during SPB surveys and could per- 
form a variety of other forest-related applica- 
tions as well. 


Loran-C is a pulsed, low-frequency, hyper- 
bolic, radio navigation aid that uses synchro- 
nized signals from three or more Loran ground 


stations to obtain a position fix. A master 
ground station transmits the signal. Two or more 
secondary transmitting stations receive’ the 
signal and use it to synchronize their transmit- 
ters. At the proper time interval, each trans- 
mits a signal which is received in the aircraft. 
These signal characteristics permit the equip- 
ment to be used in the air and on the ground at 
great distances (1200 mi) from the transmitting 
station. Loran-C can compute the position, with 
an update twice every second. 





tEentomologist, USDA Forest Service, Forest 
Pest Management, Aerial Survey Team, 3620 Inter- 
state 85, N. E., Room 2103, Doraville, Georgia 
30340 


aah | Resources Evaluation Newsletter 
: KYA, Classification ¢ Remote Sensin 


Or 


g @ Inventory ¢ Analysis ¢ 


Je VEr 


Compiled by: 
Resources Evaluation Techniques Program 
USDA Forest Service 


240 West Prospect Street 
Fort Collins, Colorado 80526 


Distribution list maintained by: 

Division of Resource Inventory Systems 

USD! Bureau of Land Management (D-460) 
Building 50, Denver Federal Center 
Denver, Colorado 80225 


The Loran-C system enables a pilot and 
SUEVeCyVMECEeW CON Geterminem Ehelay positrons acs 
curateately and also to resurvey the same areas 
with precision. Navigation to a waypoint for 
which the ‘coordinates have been obtained from a 
map may provide a position accuracy within a 
fourth of a mile of the waypoint. But once the 
actual Loran coordinates for the waypoint posi- 
tion have been obtained, the return accuracy of 
the navigational display may be within as little 
asm Om beets 


The Loran-C receiver can be interfaced with 
an onboard navigational cémputer to provide air- 


craft guidance and conversion of Loran time- 
difference coordinates into latitutde and 
longitude. 


PREPARING FOR AN AERIAL SURVEY 
OR AERIAL PHOTOGRAPHIC MISSION 


After the boundaries of a survey area have 
been established, parallel flight lines can be 
drawn on the survey map at predetermined inter- 
vals, depending on the survey or photographic 
coverage desired. One of the flight lines should 
be drawn on a known line of latitude or longitude 
to establish a base leg with known beginning- 
point and end-point coordinates. The distance 
from the base leg to each parallel flight line is 
then determined in nautical miles. The parallel 
Phi chemlinesmarcmmort seth ettmome ra ch tmiot ethic 
base leg, depending on which direction the line 
is to be flown. 


A workable navigational readout requires the 
following: 


1. Starting point. Usually the position of 
the alrerart sate the armpore 2s "surtveient. —elhe 
latitude/longitude can be obtained from the 
airport directory. 





2Zo8 Select the) chaine, “A Loran-@ “chain Wis 
comprised of a group of three to five transmit- 
ting stations. One station is designated as the 





Rocky Mountain Forest and Range Experiment Station 


master station and the others are designated as 
secondary stations. 


3. Secondary stations. Two secondary sta- 
tions must be selected to provide the best cover- 
age for the survey area. Many Loran-C chains 
have more than two secondary stations from which 
you can choose the best coverage. Some Loran-C 
receivers automatically select the secondary sta- 
tions that provide the best signal. 





GENERAL DISCUSSION 


A pilot or experienced observer/tracker can 
be taught to program the Loran-C airborne system 
in one or two missions. After the system has 
been programmed and the survey is ready to be 
implemented, a variety of navigational data is 
computed. 


A major advantage of Loran-C is the reduced 
time required to position the aircraft on a 
flight line prior to entering the survey area. 
Once on the flight line, the pilot can more 
accurately follow the desired line. The pilot is 
not required to make continual references to a 
flight map, thus, he can direct his attention to 
the flight path. This is an important safety 
factor. The flight crew will experience less 
survey fatigue because they can concentrate fully 
on their job without the worry of visual navi- 
gational accuracy. 


Loran-C can aid in photographic surveys, 
too. The increased accuracy of following paral- 
lel flight lines provides greater control of 
sidelap, reducing the likelihood of gaps between 
photo lines. Sequential photography for sampling 
trends or loss assessment over time is not dif- 
ficult when Loran is used. 


An airborne Loran-C navigation system with 
prestored search patterns and a data link system 
costs about $30,000. A smaller system without 
the prestored search pattern and data link system 
COSstsmmol 2R000k This expenditure, while sub- 
stantial, is offset by savings in flight time 
and survey effectiveness. Other navigation 
systems providing greater accuracy are available 
at higher costs. 


Loran-C transmitting stations provide good 
coverage of the East, Gulf, and West Coasts with 
additional coverage around the Great Lakes area. 
The mid-western area of the United States does 
not have Loran-C coverage at this time, although 
plans are underway to provide complete coverage 
to the entire U.S. by the mid 1980's. 


There are other applications for the Loran-C 
navigation and position determination system. In 
forestry alone, they could include aerial appli- 
cations of pesticides and fertilizers, spray 
analysis, search and rescue operations, trail 
Mapping for use in wildlife and migration stud- 
ies, vehicle monitoring, and forest fire suppres- 
sion. Fire control activities employing Loran-C 


could include locating the position of a fire, 
dispatching firefighters, airdropping retardants 
and supplies, and monitoring the locations of 
crews and equipment. Additional information is 
available from the author. 
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HOW TO OBTAIN LARGE BASAL AREA FACTORS 
WITH AN AMERICAN SCALE SPIEGEL RELASKOP 
by 1 
Douglas Jager 


The Spiegel Relaskop is widely used for 
measuring a variety of tree and stand parameters. 
Here our interest lies in its use as a slope- 
compensating angle gage for point sampling. 
Instructions provided by the manufacturer indi- 
cate that the American scale Relaskop offers a 
choice of four basal area factors (BAF). These 
are 5, 10,20, and 40 ‘square feet per acre per 
tree. In many stands larger basal area factors 
are desirable. This paper demonstrates’ the 
availability of six larger basal area factors on 
the American scale Relaskop. These are 46.94, 
545445620005 7 leliy 805285 "and s90 005 Readers 
are advised to round to nearest one-half BAF and 
measure distance to near-borderline trees. Larger 
angles are also available in the metric scale 
and wide scale model Relaskops. 


Readers accustomed to point sampling and 
measuring diameters with the American scale 
Relaskop will recall the six narrow diameter bars 


between "a" and "b" and the wider diameter and 


basal area bars between "0" and "a". In diameter 
units the scale "O0-a'' is equivalent to 12 diam- 
eter bars (twice the "a-b" scale). Note also 
that the diameter equivalent of each of the six 
narrow bars (between "a" and "b'') is 1/198 of the 
horizontal distance between the observer and the 
central axis of the target tree. Way. ENE 2 
horizontal distance of 33 feet the diameter 
equivalent of each narrow bar is 2 inches, "a-b" 
is 12 inches, and "Q-a'' is 24 inches. Thus ''0=b" 
is 36 inches. 


Picture a 24-inch-diameter tree viewed with 
the "0O-a" scale. Intuitively we can show that 
this tree represents 40 square feet per acre. 
(The "O-a BAF is 40). In point sampling this 
tree is borderline at a horizontal distance of 
33 feet. This borderline plot is 3,421.194 
square feet and there are 12.732 of these border- 
line plots in each acre. Thus, this tree has a 
stand table factor (STF) of 12.732 and represents 
12.732 trees per acre. A 24-inch tree has a 


pAcacchate Professor Forestry, Dept. of 
Forestry, School of Natural Resources, Humboldt 
State University, Arcata, CA 95521 


basal area of 3.142 square feet and 3.142 times 
12.732 equals 40. Therefore the "0-a'' BAF is 40. 
That is, this tree represents 40 square feet per 
acre. 


Using this technique, we can increase the 
size of the angle gage by adding the six narrow 
diameter bars between "'a'' and "b", one at a time. 
For example, consider the "O0-a" scale plus one 
narrow diameter bar (a total of 13 £=diameter 
bars). At a horizontal distance of 33 feet, the 
corresponding tree has a diameter of 26 inches 
and a basal area of 3.687 square feet. Because 
the tree is borderline at 33 feet the SIF is 
still 12.732. Therefore, the calculated BAF is 
SNA (35087 oe 27s. Similar calculations 
have been determined for the remaining five 
narrow diameter bars. 


Results are shown in Table 1. The appro- 
priate plot radius factor (PRF) is shown for each 
BAF. The PRF may be calculated by: 


PRF = 8.696/BAF° > 


For any given tree the borderline plot radius 
(BLPR), horizontal distance from borderline tree 
center to observation point can be calculated by: 


BLPR (feet) = PRF x DBH (inches) 


Readers that prefer not to use the intuitive 
approach described above can calculate the appro- 
priate BAF for any number of diameter bars by: 


BAF = 43560/(198/(NO. DIAMETER BARS x oe 
Korelou bars 9 

BAF = 43560 / (198/(13 5 OnS) 

= 43560 / (198/6.5) 

43560 / 927.905 

= 46.94 


Table 1. Large basal area factors and related 
plot radius factors for the American scale 
Relaskop obtained by adding the six narrow 
bars between "“a'' and "b'' to the 12 diameter 


bars on the "0-a" scale. 








Scale Plus 





(=4 ibarse2abarsmonbacse 4) bagses) bars 6 bars 





BAF 46.94 54.44 62.50 Heit BOA BO. 


PRF 1,269 isi) 1, low IOS OoMil Woy 





TReaders are cautioned that the PRF's are 
for the indicated BAF's. If the reader chooses 
to round a BAF off, a new PREF must be calculated. 
For example, the PRF associated with a 47 BAF 
LS weZOSe 
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THE LANDFORM COMPONENT IN 
LAND CLASSIFICATION 
by l 
Robert G. Bailey 


Although landform is recognized as an impor- 
tant component of the Component Land Classifica- 
tion for the United States, no single system of 
classiitication™ has beens founds tos be acceptable: 
A spatial classification is being developed along 
both genetic and empirical lines which will be 
field tesited for usabvlaty. 


INTRODUCTION 


The Component Land Classification for the 
United States (Merkel et al., in preparation) has 
four components: vegetation, soil, landform, and 
water.) (he Vauthors of =the classification, docu= 
ment clearly recognize chat Lurthers work sas 
needed to develop and implement the landform 
component, particularly at the lower levels. As 
ay WeSGUUE ORE IENAIeY Aine! eS Cie dae Cllegieaiii- 
cation, it has become apparent that fundamental 
questions remain unanswered regarding the need 
for a landform component and the appropriateness 
O tathemapp roach). - ae lht SaeiSm due. maine pa Geet Om the 
absence of either a generally accepted method for 
description or a framework for classifying land- 
form, and to the lack of a clearly perceived role 
foresuch a classi pucatione | Unidketheselassa ti 
cation system for soils, the current approaches 
to landform classification have not gravitated 
toward a common system. Several systems have 
gained a following in the United States; these 
appear to be tied to traditional systems based on 
developmental (genetic) properties or to more 
current systems based on inherent (empirical) 
properties, such as surface configuration. How- 
ever, no single system appears to be acceptable 
ina Mieces pects. 


The purposes of this paper are to review 
briefly the role of landform in land classifica- 
Clon eeOMOltline sthemlocleeof ether two Mag Or ap= 
proaches, and to discuss how to decide which 
approach is best for resource assessment and 
planning. 


THE ROLE OF LANDFORM IN LAND CLASSIFICATION 


Landforms are units of the distinctive con- 
figuration of the land surface: mountains, 
hills, valleys, plains, and the like. Landforms 
are environmentally significant because they 
imblvences ches place-to-place = variation in "eco 
logical factors such as water availability and 





Geographer, USDA Forest Service, Rocky 
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exposure to radiant solar energy. Through vary- 
ing height and degree of inclination of the 
ground surface, landforms interact with climate 
and directly influence hydrologic and soil- 
forming processess; these, in turn, act as direct 
controls on ecosystems. Thus, landforms are an 
essential part of any classification of land on 
an ecosystem basis. 


LANDFORM CLASSIFICATION 


The earth's landforms have been classified 
“in a variety of ways. There is no one method 
which is best, because some are better for one 
purpose and some for another. Nevertheless, as 
classifications they all have the same goal: to 
reduce innumerable local landforms to a rela- 
tively few types with important characteristics 
in common. 


Any classification presupposes individuals 
or units which are grouped to form classes; 
however, climate, soils, and landforms are diffi- 
cult to classify because they vary along a con- 
tinuum and are not composed of discrete natural 
units. Inv climatic = classi ficatvons sthey indi 
viduals classified are climatic conditions at 
specific points as revealed by the reports of 
weather stations. lLandform, however, is a spa- 
tial concept, and "point" values, even where they 
are available, do not give a meaningful sample of 
conditions over large areas. lLandform classifi- 
cation, then, requires that the characteristics 
upon which the classification is to be based 
be those of areas, as well as the individual 
features which give them their distinctive 
character. 


A study of inherent characteristics of 
landforms involves other problems which are 
analogous to those encountered in the description 
Of selimacer Both are really complexes, not 
solitary phenomena; consequently, it is necessary 
to reduce them to component characteristics if 
they are to be analyzed and compared. 


A key problem for land classifiers concerns 
the kind of characteristic or properties of 
landforms that guide the classification process. 
As Rowe (1979) points out, we can distinguish two 
kinds of properties: inherent and developmental. 


Inherent Properties as a 
Basis for Classification 


Inherent properties are taxonomic or factual 
properties by which, for example, certain land- 
forms are classified as "dunes" on the basis of 
shape and materials. Characteristics considered 
to be factual mostly pertain to morphology (i.e., 
to form, structure, anatomy, and related quali- 
ties). Such an approach is empirical because it 
is based on properties which are directly observ- 
able (such as slope). 


Hammond developed a landform map of the 
country on this basis for the U.S. National Atlas 


(U.S. Department of Interior, Geological Survey 
1970). The Hammond system is strictly empirical; 
that is to say, each landform is defined accord- 
ing to fixed values of slope, relief, pattern, 
and material. A landform system based on these 
principles shows the surface as an array of 
clearly defined types that can occur repetitively 
and can be compared and contrasted in terms of 
specific attributes. This approach has been 
successfully employed and has become standard 
procedure for the classfication of such complex 
phenomena as climate and soil. A more compre- 
hensive treatment of the approach appears in 
Hammond (1964). 


Developmental Properties as a 
Basis for Classification 


Developmental properties are genetic or 
chronologic properties that are inferred from a 
variety of evidence. In the earth sciences, 
certain landforms may be classed together on 
similarities of genesis as "alluvium" or "collu- 
vium." Note that in these examples the things 
that "are “classified according — tom cenetrcm or 
developmental relatedness are sometimes dis- 
similar in inherent properties. For example, 
both deep stream-cut canyons and huge alluvial 
fans are classified as fluvial forms. 


A primary goal of genetic landform classifi- 
cation is to provide an explanation of how a 
particular form has evolved to its present state. 
As such, it is basically an interpretation of the 
genesis of landforms, not the forms themselves. 


William Morris Davis introduced the study of 
landforms according to their origin and stage of 
development in about 1890. The landform classif- 
ication in earlier versions of the Classification 
was an expansion of Davis' system and followed 
closely one presented by Fairbridge (1968). 


DISCUSSION 


In classifying landforms, we must ascertain 
those aspects which are of greatest significance 
to the purpose at hand. For most resource as- 
sessment and planning purposes, a landform clas- 
sification should recognize actual character- 
istics of the existing surface and subsurface, 
rather than genetic interpretations. Those who 
are concerned with the relationship of the land- 
form pattern to other patterns, physical or 
cultural, are more often concerned with the 
present form of the surface and the materials 
under it than with the origins of that form. 
Furthermore, genetic characterizations suffer 
from being essentially theoretical, often grossly 
inaccurate, especially in the less-well-known 
areas, and sometimes very misleading. Such terms 
as "piedmont," "hanging valley," "dissected 
plateau," and "fold structures'' are ambiguous 
when used to characterize landform. 


For purposes of identifying areas which will 
respond similarly to management practices, the 


genetic approach alone is irrelevant. Mem Paige 
just simply not genesis that matters here; it is 
slope, ‘shape, surface materials, and all the 
other things that affect runoff, infiltration, 
slope stability, productivity, operability, etc., 
that matter. Le) is) current. functions not the 
interpretation of origin, that is important for 
these purposes. 


On the other hand, genetic interpretation 
can be very useful. A wholly systematic classif- 
ication of landforms based on inherent properties 
such as slope and relief would never arrive at 
the unit "floodplain," because it is a pattern of 
spatially associated but unlike components. The 
unit known as a floodplain only comes into exist- 
ence through the understanding of a significant 
process. It cannot be discovered by simply 
merging categories of similar things. Genesis, 
therefore, must be taken into consideration so as 
to identify important functional units of the 
landscape. 


For a more detailed discussion of empirical 
landform classification and its relationship to 
the genetic approach, see JZakrzewska (1971). 
Murphy (1968) developed a classification of 
landforms based on both approaches and applied it 
on a worldwide scale. 


CONCLUSION AND NEEDS 


Landform is an integral and essential part 
of land classification. A spatial classification 
which is based in part upon the actual configura- 
tion of the land surface and in part upon genesis 
(origin) of landforms would appear to be both 
appropriate and meaningful in terms of the dis- 
cussion above. Some work toward such a classifi- 
cation has been done on a worldwide scale. Much 
work remains to be done to increase the resolu- 
tion of such an approach so as to provide a 
landform data base for national assessments that 
will also have utility for planning at regional 
and local levels. The genetic factors used 
should be those which are not mere speculations 
or hypothesis but rather those of generally ac- 
cepted geological record. The empirical factors 
should be chosen with an eye to simplicity. 


Prior to development of such a scheme the 
following needs must be met: 


ihe Develop a conceptual framework for 
testing the effectiveness of these classifica- 
tions fom ~—Lesource assessment and _ planning 
purposes. 


2is Evaluate further the feasibility and 
necessity of a landform classification scheme 
that will compatibly incorporate both genetic and 
empirical factors. 


A plan for addressing these needs has been 
adopted by the Interagency Strategy Group on 
Landform Classification. This plan is being im- 
i plemented through an agreement between the Forest 


Service and Colorado State University with fund- 
ing from the Geological Survey. Field testing 
and evaluations are under way. 
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IMPROVED ESTIMATES THROUGH SAMPLE 
SELECTION AND ESTIMATION 

by 1 

Hans T. Schreuder and H. Gyde Lund 


ABSTRACT 


Potential gains in estimating total cubic 
foot volume of a population are illustrated ysing 
free diameter (D) or transformations of D (D and 

/D) as covariates for stratification or in sim- 
ple linear regression. A population of 1080 
white oak trees on which cubic foot volume (V) 
and D were measured is used. The importance of 
using the correct covariate is emphasized. 


Two statistically acceptable approaches are 
practical for improving the reliability of esti- 
mates such as the attempt to ascertain how much 
wood (cubic foot volume) is on a tract of land. 
Improved reliability refers to the ability to 
have our estimate be closer to the true amount 
of wood on the tract. Increasing sample size, 
although statistically acceptable, is usually 
not a practical alternative. 


The first approach, efficiency in sample 
design, attempts to assure that the sample actu- 
ally obtained gives an estimate closer to the 
true amount than other samples that might be 
used worth no greater effort or cost. Hence, 
simple random sampling is considered undesirable 
in this context since both desirable (those 
yielding estimates close to the desired total) 
and undesirable samples have equal probability 
of selection. Systematic sampling is better in 
this sense because, by spreading the sample out 
over the population, our estimate will often be 
closer to the true amount than estimates based 
on simple random sampling. Stratified sampling, 
sampling with probability proportional to 
size “(pps sampling), or model-based sampling 
(Schreuder 1980)” can be more efficient designs. 


The second approach uses improved estimators 
that rely on some relationship between the vari- 
able of interest (y) such as tree volume and one 
or more easy-to-measure variables, covariates (x) 
such as tree diameter that are not of interest 
themselves, to reduce variance and mean-square 
error. 


Ratio and regression estimators are examples 
of improved estimators using covariate informa- 
tion. Simple means or total estimates do not use 
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covariate information. The better the relation- 
ship between y and x is known, the better one can 
do “in estimation ‘by “relying on) thats speciiic 
relationship. Data should be plotted to help 
determine what relationship, if any, there is 
between y and x. 


If one is confident that the assumed rela- 
tionship is a reliable approximation of the true 
relationship, then this information can be util- 
ized in both design and estimation to obtain very 
efficient estimates (Schreuder 1980). These 
estimates may be seriously in error, however, if 
the assumed relationship is false. 


The purpose of this article is to illustrate 
the gains and losses that can be achieved through 
improved design and estimation techniques applied 
to a well-known research forestry situation, that 
of cubic foot volume estimation (V.). For illus- 
tration purposes we will use various appropriate 
and inappropriate transformations of the covari- 
ate tree diameter at breast height (D.) with Vi. 


Data 


A data set containing volume (V.) and diam- 
eter (D.) for 1,080 white oak (Quercus alba) 
trees collected throyghout the southeast (McClure 
and Schreuder 1981)” will be used to illustrate 
gains that can be achieved by sample selection 
and estimation. Our goal is to estimate the 
total cubic foot volume, V, of this population. 


Methods 


For these data we know that the model 


epi 

Ve = a) a b, D., pe eS GR eS Sige 
provides a strong relationship (fig. 1). Here 
a and b are constants estimated usually by least 
Squares regression (Freese 1962). N is popula- 
tion size, 1,080 in this case. We also know that 

Va eo). a b, D5 de ees aN, 
is a less appropriate model (fig. 2), and that 

= 20S Ss 
V5 = a, + b,/D; Hy sean diag yes Coe een 


is clearly inappropriate (fig. 3). 


We used the following sampling strategies 
(Cochran 1977): 


1. Simple random sampling with the usual 
simple estimator 
Vv, = Nv 
where N = 1080, and v is the simple mean of the 
randomly selected tree volumes. No covariate is 
used here either in design or estimation. 





etieclurer Je 155 gual il, AN, tyeabeerilese. | AN 
comparison of volume table equations for loblolly 
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DIAMETER FOR WHITE BAK 


simple mean of the randomly selected tree volumes 
in strat hee (hl alae ki) ee hemeovarr ate 
(GrEhee mE hO ie t/)® ies susedmetormn state cae 
tion purposes only. Six strata were used, hence 
k = 6. 


3. Simple random sampling with the regres- 
sion estimator, 


: V3 = N(a,+b,X) ; ; 
where X is the population mean of D’, D, or 1/D , 
depending on which covariate is used. Coeffi- 
cients a and b are estimated by simple least 


squares from sample data. Here the covariate is 
used only in estimation. 


4. Stratified random 
bined regression estimator 


sampling with the com- 


hs ME a Vo ul ae eee eee 
where x is the simple stratified sampling 
estimator 
- k - 
KPH wee EN Sex 
st rey h h/y 
and x, is the simple mean of the randomly select- 
ed X-values (D”, D, or 1/D) in stratum h(h = 
oe ks) pee Coetrr1erent b, is estimated as 


explained by Cochran (1977, p. 202). The vari- 
ance estimate of Vy, is given in Cochran (p. 203). 
Again k is 6. 


There were 2,000 samples of 30 taken from 
the population. We took 2,000 samples to ensure 
that the results are stable. Another 2,000 sam- 
ples of size 30 should give results very similar 
to those in Table l. 


Table 1.--A comparison of estimates, variance estimates, and mean square errors used to estimate cubic foot volume for white oak (V = 25989) 


based on 2000 samples of size 30 using covariates shown. 














Mean Mean Mean 
Average sq. Average sq. Average sq. 
Average var. of error Average var. of error Average var. of error 
Sampling Co- est. of est. (in (in Co- of est. (in (in Co- est. of est. (in (in 
strategy variate total mils) mils) variate total mils) mils) variate total mils) mils) 
Simple random 26055 38.52 B8e52 25786 37.14 37.18 25952 SHhowls Sih ol} 
sampling (no 
covariate used) 
Stratified p? 25954 12.80 12.80 D 25855 13.47 13.47 1/D* 26022 14.19 14.19 
random sampling 
(covariate used 
for design) 
Random sampling p? 25991 1.62 1.62 D 25382 4.15 4.52 1/D* 23983 25.67 29.69 
with regression 
estimator 
(covariate used 
for estimation) 
Stratified p? 26074 alu! 1s be D 25561 133) 151 1/D* 24915 13.99 15.14 


random sampling 
with combined 
regression 
estimator 
(covariate used 
for design) 





Results and Discussion 





Note that for each sampling strategy we give 
an average estimate, variance, and mean-square 
error (Table 1). Mean-square error is variance 
plus the square of the bias of the estimate. It 
reflects the actual variability between the esti- 
mate and actual value of interest better than 
the variance in the case of biased estimators. 
When the estimator is not biased, variance and 
mean-square error are the same (except for sam- 
pling error) as can be seen for the simple random 
and stratified random sampling. When bias is 
substantial, variance and mean-square error are 
quite different for example, for random and 
stratified random, sampling with regression esti- 
mators when 1/D° is the covariate. Estimated 
variances and mean-square errors for simple ran- 
dom sampling differ somewhat as can be seen 
across the) row. s .lhits eis strictly sduem tom di t— 
ferences in sampling errors between the three 
runs of 2,000 samples. 


Estimates can be improved dramatically if 
the appropriate covariate is used. This is true 
both when we stratify by the covariate or use it 
in regression. For example with D’ as a covari- 
ate, the variance of the estimate for stratified 
sampling is 12.80 million which is only 33% of 
the variance of the estimate (38.52 million) for 
simple random sampling. This means that by using 
stratified sampling, we only need 1/3 the sample 
size of simple random sampling to get the same 
precision in estimation. Random and stratified 
random sampling with regression do even better. 
Their variance estimates are only 4% and 3% per- 
cent of the variance estimate for simple random 
sampling so we would only need 1/25 and 1/33 of 
the sample size used for simple random sampling 
to get the same precision. Note, that when we 





use an appropriate covariate such as We that 
bias is inconsequential for any of the sampling 
strategies. In all four cases, the variance and 
mean square error are nearly identical. 


When we use the less appropriate covariate 
D, we still obtain substantial improvements over 
simple random sampling. The stratified random, 
random sampling with regression estimator, and 
stratified random sampling with a combined re- 
gression estimator give variance estimates 36%, 
11%, and 4% of the variance estimates for simple 
random sampling. 


Comparing strategies using pe or D as covar- 
iate shows that it pays to use the more appropri; 
ate covariate. Our most precise estimate with D 
was 20% more efficient than the one with D as 
covariate because volume is more correlated with 
basal area than diameter. This means we can, have 
a 26% reduction in sample size if we use D in- 
stead of D as a covariate and still get the same 
precision in estimation if in both cases we use 
stratified sampling with a combined regression 
estimator. For simple random sampling with re- 


gression, the difference is even more striking 
(64% better). 


Using 1/D* illustrates some of the dangers 
in using a covariate inappropriately (Table 1). 
The stratified random, random sampling with 
regression estimator, and stratified random 
sampling with a combined regression estimator 
give variance estimates 38%, 68%, and 37% of the 
variance estimator for simple random sampling. 
Certainly use of stratified random sampling ap- 
pears to be highly efficient in estimation. But 
the regression estimators for both the random and 
stratified random sampling are badly biased. 
They estimate total volume to be 23,983 and 


24,915, respectively, when we know that it is 
23,989 “cubiewieee Sinstead of comparing vari- 
ances, compare mean-square errors. The mean- 
square errors for stratified sampling and strati- 
fied sampling with regression still look good 
compared to simple random sampling... But when we 
compare the results with those for D” and D it is 
clear that 1/D is .much less. desirable as a 
covariate. 


The mean-square errors for stratified ran- 
dom, random sampling with regression, and strati- 
fied random sampling with a combined regression 
estimator using 1/D.. as a covariate are respecs 
ively ell elcoS pemandal S52), mo te those =tore) 
as a covariate. 


Conclusion 


In summary the following recommendations are 
offered: 


Ws In sample design and estimation, co- 
variates should be used, if practically 
available, since their use can result 
in tremendous gains in precision in 
estimation at both the design and 
estimation stage. 


De Care should be taken to use the appro- 
priate covariate to make the estimates 
of interest as precise as possible 
and to minimize bias in estimation. 
Plotting the variable(s) of interest 
against potential covariates is a use- 
ful tool to determine the type of rela- 
tionship and the strength of that rela- 
tionship. Additional independent vari- 
ables (e.g., tree height in our ex- 
ample) can be added to improve the pre- 
cision of the estimates. 


3} eet Se sat eirmet On USC a NEGOVatd ate in 
stratification than in regression. The 
use of a covariate in stratification 
does not bias estimation whereas co- 
variates used inappropriately will 
seriously bias regression estimation. 
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